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Abstract—Radio self-interference cancellation (SIC) is the
fundamental enabler for full-duplex radios. While SIC methods
based on baseband digital signal processing and/or beamforming
are inadequate, an all-analog method is useful to drastically
reduce the self-interference as the first stage of SIC. However, all-
analog radio SIC has so far received very little academic attention
in terms of its architectural design and performance limit. In
this paper, we present such an early effort. We show that a
recently used uniform architecture with uniformly distributed RF
attenuators has a performance highly dependent on the carrier
frequency. We also show that a new architecture with the attenu-
ators distributed in a clustered fashion has important advantages
over the uniform architecture. These advantages are shown
numerically through random multipath interference channels,
number of control bits in step attenuators, attenuation-dependent
phases, single and multi-level structures, etc. These insights will
be useful in guiding future hardware-based experiments.

Index Terms—interference cancellation, full-duplex radio, all-

analog cancellation
I. INTRODUCTION

The wireless communication devices currently employed are
all half-duplex and use either a frequency-division or time-
division approach to transmit and receive. A more spectrally
efficient approach, full-duplex, has received growing interest
in the research community. The main challenge in full-duplex
is that the transmitted signal created by the device’s own
transmitter, known as self-interference, is very strong at the
device’s own receiver. Only by canceling self-interference
to the noise floor, could full-duplex be realizable and the
throughput be doubled.

As shown in [1], the methods for SIC can be grouped as all-
analog [2]-[6], all-digital [7] and hybrid [1], [8]-[10]. In an
all-analog method, RF interference is canceled at RF frontend
by using its RF interference source. In an all-digital method,
interference is canceled only after the RF interference has
been converted into baseband and digitized. A hybrid method
may use either a baseband-controlled transmit beamforming
method to cancel interference at the RF frontend of receivers
[10] or use the RF signals tapped from the output of RF power
amplifiers to cancel the interference after down-conversion to
a lower frequency [1].

In general, a combination of these methods is required
to fully realize full-duplex, but an all-analog cancellation is
necessary in most situations. This is because (1) an all-analog
cancellation can leave no or little additional noise in the
residual self-interference, and (2) its performance in principle
is not limited by the transmitter noise or by the transmitter
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nonlinearity. The most successful result was shown in [5],
which uses an analog filter with uniformly distributed RF
attenuators. This uniform architecture is also used in [6].

In this paper, we propose a novel architecture for all-
analog cancellation called clustered architecture and compare
its performance with the uniform architecture, used in [5], [6].
We evaluate the statistical limits of each architecture through
simulation and investigate the impact of imperfections of atten-
uators on the performance of the canceler. Furthermore, unlike
previous works, we consider a wide range of realizations
of a random interference channel model. We show how the
cancellation performance in each architecture varies with the
changes in the number of taps, and the relative delay between
two adjacent taps of the canceler; environmental path loss; and
the number of control bits, and the phase of the attenuators.
We also investigate the impact of random perturbations to
the uniform architecture. Finally, we investigate the impact
of multi-level cancellation in each architecture.

The rest of this paper is organized as follows: the cancella-
tion channel models of the uniform and clustered architectures
are presented in Section II; tuning algorithms for ideal and
non-ideal attenuators are given in Section III; expressions for
performance evaluation are defined in Section IV; simulation
results are presented in Section V; and the paper is concluded
in Section VI

II. CANCELLATION CHANNEL MODEL

In Fig. 1(a), structure of a general all-analog canceler
is shown. The goal in an all-analog canceler is to mimic
the interference channel so that the output signal of all-
analog canceler be well-matched to self-interference signal and
consequently the residual interference be as small as possible.
The matching can be done either in the frequency domain or
in the time domain. Similar to [4], [5], our approach is in the
frequency domain.

The frequency response of a RF multipath interference
channel H (w) (before being converted to baseband) is

-1
H(w) = Zaie_j‘“” ey
i=0

where a; > 0 is the attenuatuin of the ith path, 7; is the delay
of the ¢th path, and [ is the number of multipath components,
where I, a;, and 7; are all unknown. The goal is to come up
with a model that approximates the wireless multipath channel
(1) well and is also easily implementable (particularly, no use
of variable delays in the architecture).
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Interference Channel

X(1)—

(b) nth tap of the uniform can-
celer, n =0,1,..., N — 1

x(t)—>

90° Power
Divider

(c) nth c-tap of the clustered canceler, n =0,1,..., N —1
Fig. 1. (a) System model for all-analog radio SIC, (b) architecture of each
tap of the uniform canceler, and (c) arcitecture of each tap of the clustered
canceler. x(t) is the transmitted signal and y(t) is the residual interference.

One such a model is the uniform structure, used in [5], [6].
The structure of each tap of the uniform canceler is shown in
Fig. 1(b) where each tap consists of one adjustable attenuator
and a fixed time delay. Therefore, based on Fig. 1(a) and 1(b),
the frequency response of the uniform canceler is

N—-1
.E[u(OJ) — e—ijo Z gne—jwnT )
n=0
where Ty is the delay of the zero-th tap (not shown in the
figure), N is the number of taps, and T is the relative delay
between two adjacent taps. Although the uniform canceler
provides a good performance [5], it is sensitive to the carrier
frequency, as will be shown later.

In this paper, we propose a clustered architecture where the
RF attenuators are distributed in clusters. The structure of each
tap of the clustered canceler, known as clustered-tap or c-fap,
is shown in Fig. 1(c). Each c-tap is a cluster of four adjustable
attenuators connected together via three cascaded 90° power
dividers, and an RF cable for fixed time delay. A 90° power
divider, splits an RF signal into two which differ from each
other by 90° in phase. Based on Fig. 1(a) and 1(c), frequency
response of the clustered canceler is

N-—1
I:IC(W) = e It Z [(gn,l - gn.,B) + j(gn,Z - gn,4)]e_jWTn

n=0
3)

where [V is the number of c-taps, Ty is the delay of the zero-th
c-tap, T is the relative delay between two adjacent c-taps, and
gn,i 18 the gain of the ith attenuator in c-tap n.

Note that since g, ; represent an attenuation value, then we
have 0 < g, ; <1foralln =0,1,...,N—1land:=1,2,3,4.
Therefore, (gn,1 — gn,3) + 5(gn,2 — gn,a) can produce any
complex value with real and imaginary parts within [—1, 1]
interval. The intuition behind the clustered architecture is that
each c-tap can match a large number of clustered multipaths
in the interference channel. And if 7" is chosen small enough,
H, (w) can be tuned to match a wide range of the interference
channel, provided that the delay spread of the interference
channel is no larger than NT'.

The choice of T' depends on the bandwidth of interest 1.
Particularly, T' = TWT where rp < 1. Simulation results has
shown that rr = 0.1 is a good choice and the performance
is not sensitive to r7 when it is around 0.1. Note that a
fixed delay is desirable since building programmable delays
is extremely hard. The choice of N depends on the desired
performance and the delay spread of the interference channel
Ty. Theoretically, we need NT > T, to have a perfect
interference cancellation if all multipaths are significant.

III. TUNING ALGORITHM
A. Ideal Attenuators

Here, we assume attenuators are ideal, i.e., (1) they do
not introduce any phase-shift and (2) they can provide any
attenuation value between O and 1 precisely.

For SIC, we need to match the cancellation channel to
the interference channel in the bandwidth of interest. Let
fi,--+, fx be K sample frequencies that uniformly span the
interval [f. — %W, f. + %] where f, is the carrier frequency.
Let h = [H(wy), H(wa), -, H(wk)]T where wy = 27 fj, for
all k=1,...,K. Also Let h = [H(w,), H(ws), -, H(wg)]"
where H(w) represents either H,(w) or H,(w). Let in the
clustered architecture, g = [g,,4], Yn =0,1,..., N — 1, Vi =
1,2,3,4, a 4N x 1 vector, and in the uniform architecture,
g=lgn], Yn=0,1,...., N —1, a N x 1 vector. Then for each
architecture we can write h = Tg where based on equation
(3) or (2), the matrix T is easy to construct.

For the clustered architecture (and similarly for the uniform
architecture), to determine the optimal g, we solve the follow-
ing optimization problem:

Im{h}| ~ [Im{T}|9

min
0<gn,i<1,Yn,Vi

]

where Re and Im stand for real and imaginary parts. The
above constrained problem is a convex optimization which can
be solved by the CVX software. Note that according to (3),
solution to the optimization problem (4) is not unique.

B. Non-Ideal Attenuators

Here we assume attenuators are non-ideal. Particularly, two
impairments introduced by attenuators are considered: phase-
shift and quantization error. Let g, ; = rn,,’eﬁ"v’? where 7, ;
and 0,, ; are the magnitude and phase-shift of attenuator g, ;.
In general, 6, ; is a function of 7, ;, and to emphasize this
fact, we rewrite g, ; as g ; = 1y ;€0 (i),
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Another impairment is quantization error introduced
by digital-step attenuators. 7,; of each attenuator af-
ter quantization can only be such that —20logo7n: €
{0,A,2A,...,(2™ — 1)A} where A is the step size and
ny is the number of control bits for the step attenuator. In
other words, 7, ; is quantized to 10~ 5™ni where Mp,i =
0,1,...,2™ — 1. Therefore, 7, ;e/ni(™mi) is quantized to
10_%"nn,qﬂe‘jen,i(mn,i)'

Here, for the clustered architecture, to determine optimal g,
we solve the following optimization problem:

i H(wy) — H 2 65
n,,,z,,i:o,l,.rfl,lzrib_l,\m,wzk] (wi) — H(wp,m)[® (5)

where m = [m,,;], ¥n, Vi is a 4N x 1 vector. The optimiza-
tion problem (5) is an integer optimization and it can be solved
by relaxation of integer constraints on decision variables, i.e.,
replacing the constraint with 0 < m,; < 2™ — 1,Vn, Vi,
where m,, ; is a real-valued variable. After solving the relaxed
problem, each m, ; is rounded to the nearest integer. To
solve the relaxed problem, the trust region reflective algorithm
is used and the initial point for each m,, ;, is set to be
Minit = Mmax = 2% — 1. Note that at this point, attenuation
of attenuators are at their maximum possible level and the
magnitude of H (wi,m) is at its lowest value, and as a result,
the objective function has a high value.

Note that phase errors of non-ideal power dividers can be
incorporated into phase-shift of attenuators. Also amplitude
reduction of the transmitted signal due to power dividers will
be captured by attenuators.

IV. PERFORMANCE EVALUATION

To evaluate performance of the all-analog canceler, we
define a relative power of the residual interference for the rth
realization of the interference channel and the mth frequency
(in dB) as follows:

| HO (wy) — HO (wy) |
| HO) (wy) |

e (wy) = 101log,, (6)

Also we define three averaged residuals: EY) =
% i € (@), Ba(wr) = =L e (wn), By =
ﬁ Zi\; Zszl e(")(wy) where N, is the number of
realizations considered for the interference channel.

V. SIMULATION RESULTS

In this section, the performance of the clustered and uniform
architectures is compared. To have a fair comparison between
two architectures, we choose N, = 4N. and T,, = % where
N, and N, are the number of taps, and 7. and T, are
the relative delay between two adjacent taps in the clustered
and uniform architectures orderly. This would cause that two
cancelers have the same number of attenuators 4N, = N,,
and also the same delay spread N, T, = N_.T..

Simulation results are based on the following values of
parameters: 79 = 0, f. = 2.4 GHz, W = 100 MHz,
K = 1000, T, = %}, N. = 4, N, = 16, T, = 2. For
non-ideal attenuators, we set s = —0.0276 rad/dB, A = 0.01
dB, and n; = 13 bits. Each simulation is based on N, = 100

random interference channels.

Uniform with Ideal Attenuators

Uniform with Ideal Attenuators
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N=16
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(a) CDF of E4 (b) E2(w) vs. frequency

Fig. 2. Uniform canceler with ideal attenuators and an improper f. (fc =

4G H 2).

A. Interference Channel Model

For statistical performance limits, the following random
multipath interference channel model is used:

-1
H(w) = Zaie_j‘“” (7
i=0

where I is the number of multipaths, 7; is the delay of the
ith multipath, and a; is the amplitude of the ith multipath. To
simulate a wide range of interference channels, it is assumed

€lida
(d + CTi)a

where [; is a uniform random number within (0,1), d =
0.03m, ¢ = 3 x 108m/s, 7; is a uniform random number within
(0,1)us, and « > 1 is the amplitude path loss exponent. We
also choose 79 = 0, ag = €, I = 1000 and € = 5. This
choice of € is to ensure that there is no effective gain in the
interference channel since a canceler consisting of attenuators
cannot provide a good cancellation in such a situation.

On the other hand, measurements of H (w) is not perfect and
the canceler uses noisy measurements H,, s, (w) for tuning
the attenuators rather than H(w) where

Hypisy(w) = H(w) + w(w) )

®)

a; =

where w(w) represents measurement noise. For each fre-
quency, each of the real and imaginary parts of w(w) is mod-
eled as an independent uniform zero-mean random number.
This noise results in an average SNR over the whole band
[fe — %, fe+ %] In simulations, we set SNR=60dB.

B. Ideal Attenuators

Here, we investigate limits of the all-analog clustered and
uniform cancelers. To do so, it is assumed perfect attenuators
and no measurement noise (w(w) = 0). We also show that
the performance of the clustered canceler is as good or
better than the performance of the uniform canceler while the
uniform canceler is also dependent to the choice of the carrier
frequency.

Fig. 2 shows that performance of the uniform canceler is
highly dependent to the choice of the carrier frequency and
it can be completely ineffective if for a given Ty, f. is not
chosen properly (only 3dB cancellation). On the other hand,
Fig. 3 shows the performance of the uniform canceler when
a proper carrier frequency is chosen and the performance of
the uniform canceler is at its best.

461



2014 |IEEE 15th International Workshop on Signal Processing Advances in Wireless Communications (SPAWC)

Uniform with Ideal Attenuators Uniform with Ideal Attenuators

' N=20—>, [ ‘ N
f -30
|
| -50
0.6 N=12 /
! -60
0.4 | .70, N=8
N=8 7 M
80/ N=12
02
j N=4—>, -90 NJM
0 -6 40 -2 -

o N=20>!

CDF
E,(0) (dB)

-?20 -100 0

-8 0 5 24 245
E1 (dB) Frequency (GHz)

(a) CDF of E; (b) Ea(w) vs. frequency

Fig. 3. Uniform canceler with ideal attenuators and a proper f. (feo =
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Fig. 4. Clustered canceler with ideal attenuators. f. = 2.4GHz.

Fig. 4 shows that performance of the clustered canceler
for f. = 2.4GHz. Note that the clustered canceler is not
dependent to the choice of the carrier frequency and the results
for any other f. would be the same (shown in Fig. 8).

Fig. 3(a) and 4(a) show that as the number of taps N
increases, the residual interference decreases.

Fig. 3(b) and 4(b) show how the residual interference varies
with frequency for different values of N. It can be seen that
the residual interference is relatively high near the edges of
the frequency band of interest.

Fig. 5 shows r7 = 0.1 is a good choice for " = 7 and
the performance is not sensitive to rp when it is around 0.1.
Also Fig. 5(b) shows that uniform canceler can be ineffective
if for a given f., T, is not chosen properly and f.T;, is equal
to an integer. This is one of the advantages of the clustered
canceler in compare to the uniform canceler.

Fig. 6 shows that performance is better in more obstructive
environment (larger «v). Fig. 6(a) shows that for the clustered
canceler, the residual interference decreases linearly as the
amplitude path loss exponent « increases.

Also our simulation shows the performance improves as the
bandwidth of interest IV decreases (not shown here).
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T

(a) Clustered Canceler (b) Uniform Canceler
Fig. 5. Impact of choice of T, = TWT and T, = Z—";”V on the performance of
the cancelers with ideal attenuators for different values of N. f. = 2.4GHz
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Fig. 6. Impact of amplitude path loss exponent & on the performance of the
cancelers with ideal attenuators for different values of N. f. = 2.4GHz

Non-ldeal Attenuators Non-Ideal Attenuators

100

20
20

.
* 0 '\X——K—""W
50" X
:.; t & -20 —— Unfform:vc=4GHz
< 0 3 —o— Uniform:f =2.4GHz
S
w w” 40 —+— Clustered

50| + Uniform: f =4 GHz |
o Uniform: f =2.4 GHz
100 Clustered

(] 9 0 11 12 13 834
n, (bits)

-60
I s e S T

-0.08 -0.06 -0.04 -0.02
slope of phase vs. attenuation (rad/dB)

(a) Impact of mp on performance. (b) Impact of phase-shift of attenua-
N, =4,N, =16,A =0.01dB. tors on performance. N. = 4, N, =
16, A = 0.01dB,n, = 13.

Fig. 7. Impact of ny and phase-shift of attenuators on performance.

C. Non-Ideal Attenuators

As mentioned in Section III-B, two impairments for non-
ideal attenuators are considered, phase-shift and quantization
error. Phase-shift introduced by an attenuator 6, ;(r, ;) can
be modeled as a linear function of attenuator magnitude r, ;
in dB, ie., 0, () x —20log,q7y,; [6]. Therefore, g, ; =
Tp ;9710810 "ni where 7, ; = —20s,,; and s, ; is the slope of
phase (in radian) vs. attenuation (in dB). For simulation, it is
assumed s, ; = s,Vn, Vi, and consequently, v, ; = 7. As a
result, frequency response of the clustered canceler becomes

N-1
ﬁc(w,r) = Z [(Tmlej”'logr"vl — rn,gemlogr"ﬁ)
n=0
+ 4 (Tn)2€j710g7’n‘2 _ Tny4emlog rn,4)] e~ JwnT

After quantization by digital-step attenuators, frequency

response of the clustered canceler becomes
N-1

He(w,m) =Y (g™

n=0

_ nmn,g) +] (nmn,g _ nmnyzl)] e—jwnT

where 7 = (1Oej7)72A

Fig. 7 shows impact of the parameters of non-ideal attenu-
ators on the performance of the cancelers. As shown in Fig.
7(a) , as np increases, performance improves. However, the
performance saturates when n; is beyond a threshold for a
given A (not shown here). This threshold depends on the value
of A since the maximum attenuation is (2> —1)AdB. Fig. 7(b)
shows impact of phase-shift of attenuators. As it can be seen,
phase-shift does not have much impact on the performance.

D. Randomized Uniform

Here, we consider the case that the relative delay between
two adjacent taps of the uniform structure, is not fixed. This
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Fig. 9. System model for two-level all-analog canceler.

may be due to imperfect length of cables used to implement

time delays. Particularly, in tap n, instead of having delay of

nT, there is delay of T,, = nT,, + J,,, and as a result we have
N-1

.H}(w) — ¢~ JwTo Z gnefjw(nTu+6n)

n=0

(10)

where 6g = 0 and 4,, for n = 1,..., N — 1 are i.i.d. uniform
random variables in (—dmaz, Omaz) and dmar = Typ. For
simulation, p = 1%, 2%, 5%, 10%, 20% is chosen.

Fig. 8 shows that in the uniform canceler for an improper
carrier frequency, even changing T,, within 20% of T,,, does
not improve the performance. It also shows that the clustered
canceler is robust to the choice of the carrier frequency.

E. Multi-Level Cancellation

Structure of a general two-level canceler is shown in Fig. 9
where the residual of the first-level canceler is further reduced
by the second level. Let the number of taps and relative delay
between two adjacent taps in the first level be Ny and T3
and in the second level be Ny and T5. Here, we want to
investigate if the multi-level canceler outperforms the single-
level canceler where two cancelers have the same total number
of taps and also the same delay spread. In other words,
if the number of taps and the relative delay between two
adjacent taps in the single-level canceler be N and 7', such
that N = Ny + Ny and NT = maX{NlTl,Nng}, for a
given interference channel which structure performs better. To
evaluate the overall performance of multi-level canceler, the
expression (6) is modified as follows:

o) — T () — D 2
| B (wr) = Hy *(wr) = Hy *(wp) |

| HO (wy) |2

elr) (wk) = 101ogy,
Y

First, impact of two-level canceler on the clustered archi-
tecture is simulated and compared to the single-level clustered
canceler. For the single-level with N =4 and T = O‘Wl, there is
67 dB cancellation, i.e., F3 = —67 dB. For two-level canceler
for Ny =1, Ny =3, Ty = %+, and Ty = §F, there is 61 dB
cancellation for the first level but 77 dB for the overall two-
level cancellation. Interestingly, two-level clustered canceler
outperforms the single-level clustered canceler.

Next, impact of two-level canceler on the uniform archi-
tecture is simulated and compared to the single-level uniform
canceler. We assume a good carrier frequency for the uniform
canceler (f. = 2.4GH?z). For the single-level with N = 16

and T = %, there is 55 dB cancellation. For the two-level
canceler for Ny = 4, Ny = 12, T} = %, and T = J]VT”;F,

there is 34 dB cancellation for the first level and 55 dB
for the overall two-level cancellation. Interestingly, the two-
level uniform canceler does not provide improvement over the
single-level uniform canceler.

VI. CONCLUSION

We have proposed a novel architecture for an all-analog
canceler. We have showed that in addition that the performance
of the clustered canceler is as good or better than the uniform
canceler, its performance is also independent of the carrier
frequency. We have also provided a statistical evaluation of
the performance of both all-analog cancelers for ideal and non-
ideal attenuators. We believe that this work is important for
guiding expectations of results and the implementation of more
ambitious and thorough hardware-based experiments.
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